Heterogeneous networks constitute a promising solution to the emerging challenges of 5G networks. According to the specific network architecture, a macro-cell base station (MBS) shares the same spectral resources with a number of small cell base stations (SBSs), resulting in increased co-channel interference (CCI). The efficient management of CCI has been studied extensively in the literature and various dynamic channel assignment (DCA) schemes have been proposed. However, the majority of these schemes consider a uniform approach for the users without taking into account the different quality requirements of each application. In this work, we propose an algorithm for enabling dynamic channel assignment in the 5G era that receives information about the interference and QoS levels and dynamically assigns the best channel. This algorithm is compared to state-of-the-art channel assignment algorithm. Results show an increase of performance, e.g., in terms of throughput and air interface latency. Finally, potential challenges and way forward are also discussed.
Introduction
5G is characterized by the challenges of rapid growth in mobile connections and traffic volume [1, 2] . To address these challenges, the European project SPEED-5G (standing for quality of service provision and capacity expansion through extended-DSA for 5G) focuses on the efficient exploitation of wireless technologies so as to provide higher capacity along with the ultradensification of cellular technology [3] . Under the framework of SPEED-5G, novel techniques for optimizing spectrum utilization will be developed, following three main dimensions: (i) ultra-densification through small cells, (ii) load balancing across available spectrum, and (iii) exploitation of resources across different technologies. Considering the specific three-dimensional model, which is referred to as extended-dynamic spectrum allocation (eDSA), different spectrum bands and technologies can be jointly managed so as to improve the users' quality of experience (QoE). Hence, the ultimate goal of SPEED-5G boils down to the development of a dynamic radio resource management framework, including mechanisms for interference control, coexistence of heterogeneous networks, management of spectral resources in lightly licensed bands, and other smart resource allocation schemes. It is worth mentioning that this work is an extended version of the work published by the authors in [4, 5] .
One of the main scenarios addressed in SPEED-5G is the case of heterogeneous networks where a massive deployment of small cells is put into place to deliver a uniform broadband experience to the users, considering applications with different QoS requirements, such as high resolution multimedia streaming, gaming, video calling, and cloud services. A significant challenge in these networks is the efficient management of cochannel interference (CCI) that occurs due to proximity among the SBSs. Hence, given that the same channels are reused among SBSs due to the scarce spectral resources, CCI constitutes an important restrictive factor for the network performance.
To confront this challenge, dynamic channel assignment (DCA) techniques have been proposed in the literature, either considering a centralized approach [6] or a distributed one [7] . In particular, in [6] , a centralized DCA technique considering a heterogeneous network that consists of small cells and macro cells is investigated based on the graph approach. It should be noted that the centralized approaches have several advantages in terms of performance. Nevertheless, the high computational complexity renders them inappropriate for the case of a heterogeneous network with a massive number of small cells. Therefore, distributed DCA techniques have gained the interest of many researchers as a solution that can be applied in future wireless networks. An interesting approach of a distributed adaptive channel allocation scheme known as channel segregation has been proposed in [8] , to improve the spectrum efficiency in cellular networks. According to this approach, each cell creates a priority table with the available channels and tries to use the channels with the highest priority. Using this technique, an efficient stable channel re-use pattern is formed and the system performance is ameliorated. Due to the inherent advantages of this method, various DCA mechanisms based on channel segregation have been proposed by the research community [9] [10] [11] [12] . However, the majority of the DCA schemes in the literature consider that the SBSs do not differentiate between traffic requests from user equipment (UE) applications, even if the applications do not have the same priority from the user point of view. Considering that in 5G networks, the traffic will range from high data rates to machine type traffic, covering a variety of different applications, there is an emerging need for DCA schemes that provide differentiated QoS to each user, coping with the changing network conditions and the time-varying CCI. Based on this remark and the work presented in [9] , we study a modified distributed channel segregation mechanism that takes into account the CCI and the QoS characteristics of the users. The proposed interference and QoS aware channel segregation-based DCA (IQ-CS-DCA) can be employed in order to use the spectral resources efficiently and at the same time prioritize the users with delay-constrained applications (such as video streaming).
The rest of the paper is organized as follows: In Section 2, a brief description of the scenarios considered in SPEED-5G is given, focusing on the scenario of interest. Section 3 summarizes the previous work in this research area, and Section 4 presents an algorithmic description of the proposed IQ-CS-DCA mechanism. Finally, Section 6 discusses the challenges that should be addressed in the mechanism and some future work whereas Section 7 concludes the paper.
Scenarios in SPEED-5G
SPEED-5G will mainly investigate indoor and indoor/ outdoor scenarios (around buildings) where capacity demands are the highest and where eDSA will exploit efficiently the co-existence of different technologies. More specifically, the selected scenarios are the following:
Massive IoT (Internet of Things): This scenario refers to the "low-end IoT" and covers devices with sporadic and delay-tolerant traffic, mainly composed of short packets. Among others, this category typically includes wearable devices, smart meters, home automation devices, healthcare, non-critical smart cities sensors, and wireless sensor networks for environmental monitoring. Ultra-reliable communications: This scenario refers to a network that supports services with extreme requirements on availability and reliability. Particularly, it is envisioned to have new applications based on M2M (machine-to-machine) and IoT communication with real-time constraints, enabling new functionalities for traffic safety, traffic efficiency, or mission-critical control for industrial and military applications. High-speed mobility: This use case considers highmobility environments (e.g., high-speed trains and cars on highways) where broadband communications need to be achieved. Broadband wireless: This use case constitutes the scenario of interest, and it focuses on a mixture of domestic, enterprise and public access outdoor and indoor environments located in a densely populated urban area (see Fig. 1 ). In this case, a large number of small cells co-exist within a macro-cell offering an improved communication experience to the users.
In order to meet the 5G requirements, which characterize the specific use case, we propose a DCA mechanism for the efficient usage of the available spectrum, driven by the coordination of the CCI and the users' QoS requirements.
Related work
The concept of heterogeneous networks focuses on the improvement of spectral efficiency per unit area using a diverse set of base stations (BS), in a mix of macro cells and small cells. As highlighted in the introduction section, one of the main problems in these networks is the efficient management of CCI between the different cells to enhance the network performance. Towards this direction, one promising category of DCA mechanisms, which has been recently studied in the literature, refers to the channel segregation-based DCA (CS-DCA) mechanisms [10] .
One of the first approaches of channel segregation appears in [8] . In this work, each BS acquires its favorite channel independently, through learning from statistical data. As a result, the process of channel re-use is selforganized, leading to an amelioration of spectrum efficiency. In the simulation results, the proposed mechanism is compared with a system without segregation and the performance improvement in terms of blocking probability and channel utilization is demonstrated.
In [9] , the authors modify the previous CS-DCA mechanism for application to Distributed Antenna Networks (DANs). According to the modified scheme, known as interference-aware CS-DCA (IACS-DCA), the average CCI is computed for the available channels and a CCI table attached to each antenna is created with the first channel to have the lowest CCI value. Hence, before a transmission attempt, the user selects the closest distributed antenna and the first channel of the corresponding table is assigned to him. In the simulation analysis, the performance improvement due to the existence of DAN is confirmed. Furthermore, the superiority of the proposed algorithm compared to a fixed channel allocation (FCA) mechanism is proven. Based on this mechanism, the authors in [11] examine several metrics such as the autocorrelation function, the fairness index of channel reuse pattern and the minimum co-channel distance among the BSs. From their analysis, it can be seen that the proposed scheme forms a CCI minimized channel reuse pattern that ameliorates the signal-tointerference ratio (SIR) compared to other channel assignments schemes.
Taking into account the increasing number of wireless terminals, the authors in [12] propose a modification of the IACS-DCA, named as 'multi-group IACS-DCA.' According to this mechanism, the available channels are divided into multiple groups and the initial IACS-DCA is applied to each channel group. As they highlight in their simulation analysis, the specific mechanism results not only in a more stable reuse pattern in case of multiple users but also in amelioration of the SIR compared to the single-group IACS-DCA scheme.
An energy-efficient approach of the IACS-DCA scheme is presented in [13] . In this work, the use of a transmission power control scheme in combination with IACS-DCA is studied and the stability of the channel reuse patter is verified. From the simulations analysis, some indicative positive results for the transmission power reduction are presented. A similar energyefficient approach is also proposed by the authors in [14] . In their work, they propose a modified approach of IACS-DCA mechanism in combination with a learning game-theoretic algorithm for the BS sleep process. The performance of the proposed mechanism is investigated through simulation and its superiority in terms of energy and spectral efficiency is proven.
Algorithmic approach for RRM/MAC
In this section, we describe the proposed IQ-CS-DCA mechanism that is based on the IACS-DCA mechanism presented in [9] . At first, we present an abstract formulation of the considered optimization problem whereas in the second subsection a more algorithmic approach of the proposed mechanism is given.
Abstract form of the optimization problem
In our approach, we consider the scenario of a heterogeneous network with one macro-cell and multiple smallcells, similar to Fig. 2 . Considering the network elements, an abstract formulation of the studied resource allocation problem can be given as follows: 
Given:
The large number of SBSs The diverse QoS requirements of the UEs The time-varying network conditions (due to various traffic characteristics, changing propagation environment, power control, etc.) The limited number of spectrum channels
Find:
An efficient association of UEs to SBSs An efficient channel assignment to UEs
So as:
To maximize the spectral-efficiency (via an adequate re-use channel pattern) To satisfy the communication quality of the UEs
High level description of IQ-CS-DCA mechanism
The proposed mechanism can be divided in five main steps. The following flowchart in Fig. 3 summarizes the IQ-CS-DCA mechanism, and each phase is briefly described.
Initialization phase: During this phase, each SBS chooses randomly a channel from the pool of available channels and broadcasts a beacon signal on this channel. Measurement phase: Each SBS measures periodically the instantaneous beacon signal power on each of the available channels for a specific time duration. The received power can be computed considering both path loss and fading phenomena for a more complete analysis of the radio propagation environment.
Creation of channel priority table: Each SBS creates the channel priority table based on average CCI power levels. In this step, the average CCI power can be computed either by using the first-ordering filtering similar to [9] or by using other learning/average mechanisms that use past CCI measurements and result in a stable assignment. The channel with the lowest CCI appears first in the priority table and the other channels with descending order of CCI follow. UEs-SBS association: During this phase, each UE associates with a SBS depending on various metrics (e.g., the highest receive signal strength indicator (RSSI) and the load due to other UEs associated with this SBS). Collection of requests: Each SBS collects the channel requests from the UEs. Creation of user QoS requirement priority tables: UEs are prioritized depending on their application priority, and the SBSs divide its priority table into multiple tables (depending on the number of UEs/applications). The first channel of each table is assigned to each UE depending on its application priority and the channel quality given by the CCI power level (better channels are given to UEs with stricter QoS requirements). Channel assignment: Each SBS assigns the channels to the users as follows based on the QoS priority tables. 
Implementation approach of the proposed algorithm
To evaluate our proposed solution, we have implemented two algorithms as a first stage. In order to provide results as a "proof of concept," we have introduce a state-of-the-art algorithm and our proposed algorithm which uses the interference levels acquired from the network as well as the QoS requirements from each UE.
The different QoS requirements are related to the 5G scenarios as explained at the SPEED-5G project. For example IoT users will have low priority in our algorithm. Ultra reliable communications will be at highest priority, meaning that they will be assigned to channels with better SINR value. Finally, the broadband communications where the users will either have a medium priority with respect to the quality of the channel assigned to or even a high priority given that could belong to a category of users that need to have low latencies and high throughputs.
In advance, those two solutions are compared with an algorithm from the presented state-of-the-art. The algorithm that was developed is the dynamic channel assignment scheme for distributed antenna networks found at [9] that our solution was based on. Figure 4 illustrates the procedure of the algorithm on the assignment of the channels for the multitude of the antennas as presented into the article.
Specifically, the first algorithm that has been investigated is called "random-based channel assignment (CA) algorithm" (Fig. 5) . This solution does not have a certain logic for the assignment of channels that is why it is called 'random, ' it arbitrarily allocates users to different channels without any knowledge of the channels current status or the whole system. As input, we have a set of UEs U that want to transmit, a set of macro BS M, a set of channels C, a set of available channels Ca ⊆ C. Then a certain procedure is followed in order to allocate certain channels to UEs as the flowchart illustrates.
The random-based channel assignment algorithm is used as a baseline in order to compare, evaluate, and 
optimize the effectiveness of the next algorithm that we propose (Fig. 6 ). As input, we have again a set of UEs U that want to transmit, a set of macro BS M, a set of channels C, a set of available channels Ca ⊆ C. The selection procedure differs from the random channel assignment algorithm since here we introduce a control point for checking the best available channels in order to select these (if available). The best channel is identified according to the SINR and if the SINR of a new channel is better than the currently utilized one, then the UE will switch to the better channel. This algorithm enables context-aware RRM as each base station can collect the interference levels for each user that is connected to a specific channel in order to deduce the radio environment status and exploit it appropriately. In general, it is expected that through this algorithm, it will be possible to achieve better quality (e.g., higher throughput and less latency). In order to calculate the SINR levels, every SBS at every cycle, creates the average interference that it calculates from the input of the UEs in the area for each other SBS. Instead of recalculating the signal strength at the location of the SBS, we are using the feedback from the SBS' served UE devices, to make the measurements more realistic and efficient. The UE devices store the signal strength per SBS in their physical layer variables. Therefore, we are averaging out this signal strength to calculate the average per rat interference. After this calculation, we then turn to the history of our RRM model transmission. Since it is not possible to know beforehand what collisions will occur on an air frame, we are using the previous transmission (history) to calculate these collisions and assume that statistically the impact will be the same. We create the resource utilization mask for each SBS, based on the RBs utilization data that were stored in the history variable. 5 Evaluation aspects of the proposed algorithms
Simulation tool
For the evaluation of such concepts, extensive system level simulations are conducted. The implementation of our suggested solution was performed under a proprietary system-level simulation tool which is fully developed in Java with various capabilities and has been calibrated according to the 3GPP specifications. The configuration is fully customizable so as to include various types of cells (i.e., macro and small cells).-Specifically, it is possible to customize the following: the size of playground; the area type (e.g., dense urban); the number and position of macro base stations and their inter-site distances (ISDs); the number and position of small cells per macro base station; the number and position of end-user devices in the playground; the number of available channels. In addition, the pathloss models for macrocells at 2 GHz band is set to L = 128.1 + 37.6log10(R), R in km, and for small cells is set to L = 140.7 + 36.7log10(R), R in km.
Simulation parameters
The parameters imported to the simulator are, 19 macro base stations (BS) each with three cells and also 9 small-cells per (BS) giving us a total of 228 cells (in which 171 are small cells uniformly distributed in the simulation playground) throughout the network. In addition, we have utilized 4 channels at 20 MHz bandwidth for every cell. The topology of the network created by the simulation tool is illustrated at (Fig. 7) , and the differing shapes and symbols can be interpreted as the UEs and the wireless communication links. Specifically users are shown as small circles with four different colors (red, green, blue, and light blue) that represent the four channels that have been utilized for our scenarios. Furthermore, the green arrows illustrate the transmission process and the connection topology between UEs and BSs of each user to a specific cell of our network. The small cells are located close to the center of the macro cells and are working at the 3.5 Ghz band in contrary to the macro cells that are working on 2 Ghz, giving us a heterogeneous environment for our scenarios.
In addition, Table 1 presents the configuration of the base stations used in each case and their values that have been introduced to our simulator for the development and evaluation of our solution.
Experimentation scenarios and test cases
In order to analyze these two algorithms with the use of the simulation tool we had to introduce different scenarios and test cases that are summarized in our experiments Table 2 . We have experimented with five values of sessions that every user requests per day ranging from 2880 up to 14,400 sessions. The file size requested from each user is 2 Mb, which means that a user can request from 4 up to 20 Mb/min. Those values could provide us with a broader knowledge of the algorithm capabilities for the specific network topology implemented to the simulator.
For each of the cases, three algorithms have been evaluated. Algorithm (A) is our proposed algorithm which builds on state-of-the-art and adds the notion of QoS prioritization. Algorithm (B) is a state-of-the-art algorithm which sorts available channels based on SINR values, and Algorithm (C) uses a random allocation of channels (not necessarily the best one).
Moreover, high, medium, and low priority services are considered where our proposed algorithm tries to allocate the best possible channels firstly to the high priority services, then to the medium and finally to the low priority services. Figure 8 indicates the results from our experimentation. The barchart illustrates the cases of Table 1 and specifically the average air interface latency. On average, it is shown that our proposed algorithm outperforms the other two algorithms (up to 50%) especially in high and medium priority services by giving them a performance boost. On the contrary, low priority services seem that they do not benefit as much as the other two. In Fig. 9 , the results are sorted by priority levels, and we see in a clearer way the large benefit of our algorithm for high priority which is not the case for low priority services.
Evaluation results
Furthermore, Fig. 10 illustrates the normalized throughput for each of the test cases and compared among each algorithm. It is evident that our algorithm performs better in almost every test case and especially in cases with higher loads (compared to less-loaded simulations).
Similarly, Fig. 11 illustrates the normalized throughput as of service priority levels and also here (as shown in latency charts), our solution seems to perform better especially in higher and medium priority services compared to low priority services. In this article, we investigated how a radio resource management algorithm utilizing contextual information acquired from the network and taking into account QoS requirement can cope on some specific scenarios. The test cases introduced here where designed in order to investigate the performance difference between the state-of-the-art and our proposed solution for an environment of almost one user per square meter at the case of 5000 users and files for 2 Mb size and variable number of requests per minute per user (ranging from 2 to 10). Our proposed solution was able to dynamically choose the best channel based on interference of the current position and thus allow each user to connect with higher speed and receive the file faster with less air interface latency.
On the contrary, the algorithms that used for comparison on average were making the less optimal selection of the channels (without giving priority based on QoS requirements), hence the users were not able to download at full speed and with higher loss packet ration, creating a continuously loop of poor selection of channels without being able to overcome this situation.
Furthermore, there are some differences between random allocation of channels and state-of-the-art algorithm when increased load is provided in the system. Specifically, Fig. 12 illustrates the differences between the algorithms for various priorities when 2× more sessions/day/user are tested in the system compared to test case 1. The random allocation has worst performance in high and medium priority services. The state-of-the-art algorithm performs better and our proposed algorithm has the best performance especially in high and medium priority services (which is the main aim of our study).
Challenges and future work
In the following, we discuss some challenges that we would like to address in the development of IQ-CS-DCA as well as some of the possible improvements left for future work. The ultra-densification of networks that is currently envisioned for 5G will bring new challenges to the radio access, especially related to interference management. In fact, ultra-dense networks are characterized by interference patterns that change quickly in time and that strongly depend on the realistic network deployment [16] . Therefore, interference mitigation techniques must be sufficiently dynamic and operate on a sufficiently small time-scale to ensure that the fluctuations in the interference are captured. Clearly, the same challenges also apply to other mechanisms that take into account interference measurements to operate, as in the case of the proposed IQ-CS-DCA.
Additionally, the aggregation of multiple radio access technologies (RATs), possibly operating on very diverse frequency bands with different characteristics, brings new challenges related to efficient ways to ensure the provision of the end-to-end QoS, as some RATs may not supply an explicit way to perform QoS management. This is currently a very active area of research in both academia and industry [17] . Examples of current technologies that will still play an important role in the decades to come are the Long Term Evolution (LTE) and the IEEE 802.11 (WiFi) family of standards. Table 3 gathers some of the key differences between the two, exemplifying the challenge due to the differences in the physical layer and the radio channel access.
As it has been referred in the Introduction section, a purely centralized approach to DCA might not be feasible in practice due to the large amount of feedback that must be exchanged between the BSs and the strict delay requirements that must be met by the network infrastructure. On the other hand, purely decentralized techniques might not be able to address all the aforementioned challenges. As a future work, we would like to investigate hybrid or semi-decentralized approaches, for instance cluster-based algorithms that take decisions with a minimum amount of feedback to be exchanged between the SBSs. Clearly, investigations should be performed to analyze the tradeoff between the complexity introduced due to the feedback channel required by these techniques versus the achieved benefits. Hybrid approaches to DCA can also bring benefits against the bursts of interference that can occur in heterogeneous networks, since they may avoid the strong interference factor generated by closely located BSs, during the initial measurement phase of the IQ-CS-DCA algorithm. It is worth saying that the assumption of a clustered architecture of SBSs is a viable hypothesis, since other functional entities of the network may already require this structure (e.g., to perform inter-cell interference coordination or soft handovers between SBSs). These approaches could leverage the X2 interface currently defined in LTE-Advanced, as well as the Xw interface newly introduced in LTE Release 13 between a 3GPP BS and a WiFi access point [18] .
The approach presented in this paper is directly applicable to the case of heterogeneous RATs. Compared to an algorithm that deals with the underlying available channels agnostically, improvements are expected by providing additional information related to the different available technologies in the channel assignment step. As an example, a fast moving UE might better be assigned to a licensed band using LTE, rather than scheduled to an unlicensed band operating on WiFi. In other cases, though, it may be beneficial to off-load broadband static users to unlicensed WiFi in order to reduce the CCI generated in the licensed band. Additional information is needed by such evolved mechanisms, including the UE's capabilities (i.e., the supported bands and technologies), as well as a characterization of the user's mobility pattern, among others.
Finally, the growing importance of techniques for dynamic spectrum access in next-generation wireless systems should also be taken into consideration in the design of efficient DCA algorithms, together with the diverse characteristics of the underlying frequency bands. For instance, TV White Spaces (TVWS) are highly location dependent. TVWS frequencies might be available in a particular geographical area while being completely occupied at another location. Therefore, a centralized geolocation database might be necessary to implement a coexisting LTE-TVWS system. In such system, the information provided by the geolocation database is semi- static and does not change often in time. However, the inherent unpredictability of these frequencies might make them ideal only to best-effort applications with no QoS requirements, further highlighting the importance of intelligent RAT-aware algorithms, as pointed out in [17] .
Conclusions
In this paper, we consider the case of a heterogeneous network scenario with macro-cell and small cells. Due to the inherent network architecture, one major challenge is the efficient management of CCI. In our work, numerous interference aware DCA mechanisms are discussed and the channel segregation approach is presented. A high level modified interference aware DCA mechanism that takes into account the differentiated QoS requirements of the users is proposed. Furthermore, the algorithmic approach of the mechanism is presented through some flow charts and two algorithmic approaches for the evaluation and the proof of concept are examined. The algorithm with the interference aware capability that uses the SINR measurements acquired from the network is able to provide better results. The advantage of our algorithm introduced here can further explored with the utilization of the small-cell at the macro cell edge in order to attract problematic traffic due to the great CCI presented in those areas. Finally, possible challenges and points for future work are recognized in order to have a more complete analysis of the resource allocation problem. 
